Infostation, hotspot, and drive-thru internet are examples of sparse coverage-based wireless networks. These wireless communication networks provide low-cost, delay insensitive high data rate services intermittently with discontinuous coverage. Radio propagation parameters, velocity of the user, distance between the user, and access point are the key factors that affect the throughput and the amount of information downloaded from such sparse coverage-based wireless networks. To evaluate the performance of such wireless communication networks analytically the impact of above mentioned factors can be modeled with simplified relationship model such as received signal strength versus distance or signal to noise ratio versus throughput. In the paper, we exploit the relationship between throughput and distance and develop two throughput distance relationship models to evaluate the performance of multirate wireless networks. These two throughput distance relationship models are used in calculation of average throughput as well as downloaded file size. Numerical values are presented for the IEEE 802.11n standard. The numerical results verify that the new proposed technique can be used as an alternative to the simulations to evaluate the performance of sparse coverage-based wireless networks.
Introduction
Data download on the move can be seen as a promising application for the next generation wireless communication systems [1] . Infostation is one example of such paradigm of wireless communication systems for delivering information services to a mobile user. The key assumption for such wireless communication systems is that the coverage is sparse, as a result, as long as the mobile user is in the coverage area of Infostation the user may download information to the mobile terminal storage for later usage. The retrieved information can be a video file, a piece of music, a weather report, and so forth. Although the concept of Infostation is not new, there has recently been a renewed interest for such model for information distribution [2] [3] [4] [5] [6] . Hotspot [7] , drive-thru internet [8] , and roadside infrastructures [6] are examples of sparse coverage-based wireless networks. Even though the naming varies in terms of functionalities they share major commonalities with Infostation. The overall coverage of these wireless communication systems is considered to be sparse [8] . High data rate and support for mobility make IEEE802.11-based WiFi wireless local-area networks (WLAN) a promising candidate to be used as an underlying technology when implementing the aforementioned sparse coverage wireless communication systems. Measurementbased performance analysis of IEEE802.11b/g-based systems for static and nomadic users as well as in case of outdoor drive-through scenario also has been carried out extensively in the past and reported in [5, [8] [9] [10] [11] [12] [13] . However, very few papers addressed the issue of performance analysis of WLAN-based system specially data download on move scenario [1, 14] . In contrast to [1, 14] , in this work we will provide the methodology to evaluate the performance of IEEE802.11n-based network in the context of data downloading in walk through scenario by using polynomial as well as two-slope throughput-distance model.
The throughput is affected by the communication environment and related channel conditions. The effecting factors include the distance between the transceivers, fading state of the channel, noise, and interference. The effect of all these parameters to the obtained transmission throughput can approximately be described with the throughputdistance relationship model [15] .
In this work we enhance the previous work and results by providing mathematical framework utilizing throughputdistance models to evaluate the performance of sparse coverage-based networks. The results and methodology presented provide the insightful knowledge of deployment related issues of sparse coverage network which can be used before it is deployed in reality.
Mathematical Framework
A typical scenario of data downloading is shown in Figure 1 , where a user with mobile terminal (MT) enters and exits the coverage area from arbitrary directions and downloads data. When user passes through the coverage of the access point (AP) it observes several data-rates. As it is mentioned, the closer the user is to the AP, the higher data-rate it receives from it.
We assume that the AP is at coordinates (0,0) and that the user enters the coverage at point A , with coordinates (x a , y a ) known as entering point and exits the coverage at point B , with coordinates (x b , y b ) known as exit point, as shown in Figure 1 . The entrance angle is denoted with α 1 , and the exit angle is denoted with α 2 . The angle between entrance point and exit point is called traveling angle which is denoted as θ.
Assuming constant velocity, the path that the user travels can be simply expressed with
where the parameter t varies from zero (corresponding to the entrance point) to one (the exit point). Let us characterize the throughput as a function of the distance, that is, the throughput at distance r is S(r). Now, we can find the average throughput of the user (while it passes through the coverage) with
However, the calculation of (2) for arbitrary entrance and exit points is cumbersome. In this paper we provide a novel rotational technique where any inclined traveling path as in Figure 1 can be presented into equivalent horizontal path as shown in Figure 2 . In this case calculation of average throughput over inclined path (A B ) by using (2) will be the same as the calculation of average throughput over horizontal path (AB). Depending on the difference between the entrance and exit angle the rotation of traveling angle θ can be expressed as
It should be noticed that using ( 
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• instead of 0 • 360
• for calculation of average throughput over simplified horizontal path. The calculation of average throughput over simplified horizontal path is given below.
After rotation, we get new entrance point A and exit point B, as shown in Figure 2 . In the Figure it is also shown that the minimum distance between mobile user and the AP is L, which for a particular traveling angle θ is L = R cos(θ/2), where R is the coverage radius. The traveling distance D = 2R sin(θ/2). However it should be noted that the traveling distance is equal before and after rotation (e.g., D = A B = AB) that is the traveling angle θ is not affected by the rotation. Finally average throughput over simplified horizontal path can be expressed as
where
It is easily seen that (4) leads to much simplified integration in compare to (2) . Taking velocity v into account, the dwelling time of the mobile user can be found with t dwell = D/v = 2x/v. Now by simply multiplying the dwell time with the average throughput observed during the path, we get that size of the Journal of Electrical and Computer Engineering 3 transferred information which is termed as file size can be expressed as
Throughput Distance Models
Utilizing our methodology to evaluate the performance of sparse-based coverage network we need to develop first throughput-distance model. Throughput distance model can either be measurement-based or theoretical-based throughput-distance model. In this work, first we derived theoretical throughput-distance model which we call it quantized throughput-distance model and then approximated it by polynomial and two-slope throughput-distance model for further analysis. We have considered IEEE 802.11n technology which uses multiplexing (SDM) technique to increase the data rate [16] . In SDM, data rate is increased as the number of spatial stream (NSS) is increased. We consider that to handle more than one NSS number of transmit and receive antennas is also increased according to the number of NSS. We consider each stream is identical and independent. As a result, in ideal case for NSS = 2 the data rate is just doubled in compare to NSS = 1. Data rate associated with NSS is shown in Table 1 [17] . The purpose of this consideration is to treat certain aspects in general way, while modeling other aspects in more great details. The data rate using different modulation and coding (MCS) for NSS = 1 and NSS = 2 at 20 MHz channel for 800 ns guard interval and minimum receiver sensitivity for nonspace time block coding (STBC) mode is shown in 
where α is the path loss exponent. L p and L 0 are the total path-loss and path-loss at a distance of one meter respectively. d is the distance between transmitter and receiver and expressed in meter. 
Finally the related computed distance in (7) and maximum achievable data rate for specified receive power is achieved. However, it should be noted that the data rate which has been specified in Table 1 is the physical data rate hence to achieve user level data rate we exclude overheads from the physical data rate. It is known that as the data rate increases the the percentage of overheads also increases. In this respect, we classify the available data rate into three groups: higher data rate (65 Mbps, 58.50 Mbps, 52.0 Mbps), middle data rate (39 Mbps, 26 Mbps) and lower data rate (19.50 Mbps, 13.0 Mbps, 6.5 Mbps). We exclude 40%, 30%, 20% overheads from the higher, middle and lower data rate respectively [18] . Finally user level data rate has been plotted against distance and named as throughput-distance model. The derived throughput-distance relationship model for 1×1 and 2 × 2 antenna case is shown in Figure 3 .
Model I:
Polynomial. In polynomial model a secondorder polynomial is used to approximate the theoretical relationship between throughput and distance. In this case we ran a MATLAB basic fitting tool to fit the theoretical throughput-distance to polynomial throughput distance model. This basic fitting tool uses least square method (LS). The approximated second order polynomial throughputdistance relationship can be expressed as
Substituting (8) into (4) and performing the integration the average throughput is given by which can be expressed in terms of the traveling angle θ by using x = R sin(θ/2) and y = R cos(θ/2). For the average throughput we get
Similarly, the file size can be expressed with
Model II: Two-Slope.
In our two slopes model, two cocentric circles are used to represent the different segments of traveling path of a mobile user. The inner tier is used to represent the saturation level and outer tier is used to represent distance decreasing function. The coverage range of outer tier and inner tier are represented as R and r in , respectively. r is the instantaneous distance between mobile user and AP. Our proposed two-slope model can be expressed as
where S max is the maximum throughput. The value of k can be determined at maximum value of distance decreasing function which can be expressed as
When the user passes through the outer tier in that case average throughput observed by the user can be expressed as
In terms of traveling angle θ (14) can be written as
When y ≤ R in the user passes through both inner tier and outer tier the outer tier segment throughput can be expressed as
where x c is the x component of the switching point. Switching point is the point when mobile user switches from outer tier to inner tier or vise versa. In terms of traveling angle θ (16) can be written as
Finally in calculation of two-slope throughput distance relation model case when the user passes through the outer circle the average throughput can be calculated by using (14) or (15), on the other hand when the user passes both through the outer circle and inner circle the average throughput can be calculated as
Results and Discussion
In this section throughput performance of sparse coveragebased wireless communication network evaluated using throughput distance models presented in Section 3 and parameters presented in Table 2 . Figure 4 shows the comparison between the results obtained from simulation and result obtained using derived formulas for two-slope throughputdistance model. It is seen that theory and simulation result agree very well. In comparison, file size is used as performance metric. In simulation environment mobile user will move from enter point to exit point at constant speed along traveling distance with certain step size. In this case we have chosen two different step sizes. First we simulate for stepsize = 0.2 m and then for step size = 0.5 m. In both cases simulation results agree with the result obtained using derived formula. Figure 5 shows the comparison between the results obtained from simulation and result obtained using derived formulas for polynomial throughput-distance model. In polynomial case it is also seen that the results obtained from simulation and calculated are perfectly matched. Figure 6 shows the comparison of received file size at the coverage of IEEE 802.11n standard WLAN technology by a mobile user. Performance is evaluated by using two throughput distance relationship models and compared with quantized throughput-distance relationship model. In case of 2 × 2 antenna case it can be seen that the theoretical and its approximated polynomial and two-slope model the maximum file size that can be downloaded is 350 Mbyte. On the other hand, in case of 1×1 antenna case the maximum file size that can be downloaded is 175 Mbyte. It is also seen that higher the traveling angle higher the file size downloaded. Furthermore, it can be seen that according to our fitting criteria approximation of quantized model with polynomial and two-slope model fitted well at the higher traveling angle. Figure 7 shows the CDF of downloaded file size while the user moves through the near or far corridor in 1 × 1 antenna case. Near corridor we mean the corridor which is close to the AP and far corridor are far from the AP. The length of the traveling distances of the near corridor will be much higher than far corridor. The length of traveling distance is controlled by the traveling angles. In such cases we assigned traveling angles between (120 • -179 • ) for near corridor and 50
• -80 • for the far corridor which will provide traveling distances for near corridor in between (117.71-135.91) m and (57-87.36) m for far corridor. When the user moves through any of the corridor the velocity will change time to time. The traveling distance has been divided into number of segments and in each segment velocity is assigned which is uniformly distributed between (1-3) m/s. It can been seen that there is very big difference in terms of file sizes between near and far corridor. With 50% probability the downloaded file size is less than 30 Mbyte for far corridor and 64 Mbyte for near corridor. It is obvious that if the mobile user passes through the near corridor it receives much higher data rate than if the mobile user passes through far corridor, it reflects in the result as well in case of downloaded file size. Moreover, the chance to get more than 40 Mbyte for far corridor is 30% which is 78% for near corridor.
Conclusion
In this work, we exploit the relationship between throughput and distance to evaluate the performance of sparse coveragebased wireless networks. The main contribution to this approach is to develop quantitative models to study the performance of sparse coverage-based wireless network by using theoretical-based throughput distance models. Our derived average throughput quantitative model is used to calculate file size that can be downloaded while mobile crosses the sparse coverage-based wireless networks. From our observation we can say that theoretical quantized throughput distance model and its approximated polynomial and two-slope model provide the upper bound of achievable average throughput which ultimately provides upper bound of downloaded file size. Finally, we argue that the presented framework can be used as mathematical tools which will aid to evaluate the performance of sparsely coverage-based networks in network deployment related issues in data downloading scenario.
